Histone Hyperacetylation Is Both Agonist Hormone Treatment Induces Histone Hyperacetylation and Receptor AF2 Dependent on Chromatin of Endogenous Nuclear
To establish the role of nuclear receptors in mediating Receptor Target Genes hyperacetylation, we first investigated the histone acetTo directly assess whether hormone induction of gene ylation status on ER target genes in MCF-7 cells treated expression correlates with changes in the status of hiswith anti-estrogens. As shown in Figure 2A, Figure  1992 ). As shown in Figure 2B , treatment of HL-60R cells 1A, ChIP analysis with antibodies to acetylated H3 (at with RA fails to induce histone hyperacetylation at target both lysine 9 and 14) and to acetylated H4 (at the N genes p21 and CD38 (lane 2). However, when HL-60R terminus of all four lysines) revealed that indeed E2 treatcells are treated with histone deacetylase inhibitor TSA, ment of MCF-7 cells causes remarkable increase (5-to significant increase in histone acetylation can be observed (lane 3), consistent with our previous results that 8-fold) in the acetylation level on H4 at all four target sults shown in Figure 4A indicate that within minutes after E2 treatment of MCF-7 cells, an increase in targeted acetylation can be observed; within an hour, maximal acetylation level is achieved, suggesting that the (which are devoid of viral E1 and E3 genes) for expression of wild-type or HAT Ϫ mutant p300 (delta 1603-1653) effects on pS2 and CTD chromatin are immediate and robust. Unexpectedly, however, when acetylation was and then analyzed for E2-induced histone acetylation. As shown in Figure 3B , expression of wild-type p300
analyzed from cells treated with E2 or RA for longer times (Ͼ1 hr), we found that the maximal levels on both in MCF-7 cells slightly enhances E2-induced histone hyperacetylation on target genes when compared with ER and RAR target genes actually declined, becoming only marginally elevated around 6 hr after hormone incells mock-infected (compare lanes 1 and 2), probably due to the high level of endogenous p300/CBP (see duction and accompanied by the shift of target DNA to the nonacetylated chromatin pool ( Figure 4A and data Figure 4D ). In contrast, expression of HAT Ϫ mutant p300 Western blotting showed no significant change of gene expression is rapidly attenuated after the initial induction, a pattern that coincides well with the transient protein levels after 1 day E2 treatment of MCF-7 cells for ERs (␣ and ␤), ACTR, p300, CBP, PCAF, as well as hyperacetylation patterns described above. To identify at which level the attenuation occurs, we examined the histone deacetylases and Brg1 ( Figure 4D and data not shown). We then examined the pattern of coactivator engagement of RNA polymerase II at the target genes using a procedure similar to ChIP but with antibodies recruitment to the receptor target gene promoter in response to hormone using a ChIP-like procedure but with specific to RNA polymerase II (see Experimental Procedures for details). As shown in Figure 4C , shortly after antibodies specific to individual coactivators. As shown in Figure 4E , 1 hr exposure of cells to E2 induces the hormone treatment, the association of RNA polII with target gene template DNA is dramatically increased, association of ACTR as well as p300 and CBP to the ER target gene pS2 promoter, in accord with the histone reaching the maximum at about 1 hr. However, as described above after this rise, RNA polII engagement is hyperacetylation induced by hormone. Surprisingly, longer 1 and 2) . For all the other mutants (lanes 3 to 14) , 500 ng and 1.5 g proteins were tested for acetylation. (b) A synthetic peptide (3 g) with sequences of aa 621-640 of ACTR was incubated with p300 (300 ng) protein as in (A). After purification, 50% of acetylated peptides was subject to sequencing. Radioactivity was measured for each cycle by scintilation counting. Arrows indicate the lysine residues acetylated by p300. E2 exposure (6 hr) diminishes the association of ACTR, idea that the association could be influenced by the enzymes that are accumulating in activation complex p300, and CBP to chromatin without affecting the binding of ER to its target promoter. These results suggest itself. This speculation is reasonable, since HATs such as p300/CBP and PCAF are also able to acetylate nonthat hormone-induced recruitment of coactivators to a receptor target gene is not constitutive and mechanisms histone proteins, including p53, TFIIE, HMG, and EKLF, to modulate their activities, such as interaction with DNA exist to terminate the association of HAT proteins despite the continued presence of ligand.
(Gu and Roeder, 1997; Imhof et al., 1997; Munshi et al., 1998). We thus asked whether ACTR can be acetylated by its associated HATs p300/CBP and PCAF. As shown Acetylation of ACTR by p300/CBP In the search for a mechanism(s) regulating the recepin Figure 5A , indeed, purified recombinant ACTR and its family members TIF2 and SRC-1 (lanes 2 and 3 of [a] tor-coactivator association, we were prompted by the and data not shown) can be efficiently acetylated by of K629 and K630, a peptide bearing acetyl groups on these residues was synthesized and tested in a competip300 in vitro, while RIP140 (lane 5), another cofactor potentially involved in nuclear receptor function, is not tion experiment. GST pull-down assays were employed to assess the ability of the acetylated peptide to comacetylated under the same conditions. Although PCAF strongly acetylates itself and p53 (lane 9), it fails to signifpete with in vitro translated receptors for binding to GST-RID in the presence of hormones. As shown in icantly acetylate ACTR or TIF2 (lanes 7 and 8), indicating that ACTR and its family members are substrates for Figure 6B , while the unmodified peptide competes strongly with ER (about 50% at 5 M, lane 6), the double p300 but not PCAF. To determine whether ACTR is also acetylated in vivo, MCF-7 cells were labeled with acetylated peptide is unable to efficiently compete off ER even at the highest concentration (about 10% at 200 [ 3 H]acetate, and ACTR protein was then immunoprecipitated with ACTR-specific antibody. As shown in Figure  M, lanes 8 to 11) 2 and 3) , reaching the highest around 3 hr after E2 treatment (data "AA" either singly or in combination, and the resulting RIDs were tested for interaction with ER in a mammalian not shown), suggesting that hormone-induced recruitment of an ACTR/p300/CBP complex triggers the acettwo-hybrid assay. As shown in Figure 6C , while disruption of the third motif (M3 Ϫ ) does not significantly alter ylation of ACTR.
To gain insight into the functional relevance of this the interaction of ACTR with ER, disruption of the first motif, either alone (M1 Ϫ ) or in combination with mutaacetylation, we first mapped the region of ACTR modified by p300 in vitro. As shown in Figure 5C , ACTR tions in the other two motifs (M1ϩ2 Ϫ and M1ϩ3 Ϫ ), resulted in virtually complete loss of ER binding activity. Figure 5Cd , both the whole RID containing aa 621-821 as well as the amino-terminal half containing suggest that p300/CBP recruited by liganded receptors not only acetylates histones at target response elements aa 621-728 (N-RID) can be acetylated. To identify the residues of ACTR acetylated by p300, we mutated all but also acetylates ACTR, which leads to the dissociation of ACTR from receptors. the lysines within N-RID to glutamine and tested for acetylation by p300. Results in Figure 5Da The helical structure and hydrophobic interface of the hydrophobic groove on the ER LBD. Acetylation at the ⑀-NH 3 ϩ group of K629 and K630 in ACTR would abrogate LXXLL motif in the cocrystal structure were adopted for ACTR with a single amino acid substitution (HKILXXLL those electrostatic interactions, with the consequence of eliminating a key stabilizing interface. Such a dramatic in GRIP1 to HKKLXXLL [aa 628-635] in ACTR). Remarkably, the amino group of Lys-629 of ACTR is found in increase in free energy provides a probable structural basis for the switching effect associated with ACTRclose proximity (within 2.6-3.0 Å ) to Glu-380 of the ER␣ LBD, rendering it fully capable of making electrostatic RID acetylation. contact with the carboxyl group of Glu-380 from H5 in ER (Figure 7) . Similarly, the amino group of Lys-630 of Discussion ACTR is predicted to contact the side chain of Asp-538 from H12 of ER␣. Therefore, the association of ACTR Recent findings that nuclear proteins associated with liganded nuclear receptors possess histone acetyltranswith ER is likely to be determined by two different interfaces, one that is mainly hydrophobic and conserved ferase activity has strengthened the link between histone acetylation and hormone-induced gene activation; in all the LXXLL helix-receptor-LBD interactions, and a second that is characterized by electrostatic interachowever, crucial evidence has been lacking to demonstrate histone acetylation as a key mechanism in receptions formed between the lysines N-terminal to the first LXXLL motif and the charged residues at the rim of the tor-mediated transctiptional activation. We report here the target genes are shut off has been poorly understood. In our attempt to examine the role of individual coactivators in hormone signaling, we found that p300/CBP HAT is particularly critical for hormone-induced hyperacetylation of H3 and H4 as well as activation of receptor target genes. These results are consistent with the recent study that the HAT activity of p300/CBP is required for efficient chromatin dependent in vitro transcription by ER (W. L. Kraus and J. Kadonaga, personal communication). Using anti-acetylated lysine-specific antibodies, we found that lysines 5 and 8 of H4 are the primary in vivo hyperacetylated sites (data not shown), which is consistent with the in vitro histone acetylation patterns of p300/CBP ( persist as long as the cognate hormone is present. However, in examining the link between activation and chrothat both steroid hormones and vitamins A and D are matin remodeling, we found that hormone-induced hisable to induce hyperacetylation of histones at the protone hyperacetylation is a transient event that peaks moters of target genes in vivo. We provide evidence within an hour of hormone induction and is strongly that hyperacetylation is mediated by receptors and their downregulated thereafter. We found that the expression associated coactivators. Surprisingly, we find that the of ER target genes, including c-Myc, CTD, and pS2, as hormone-induced histone acetylation is a dynamic projudged by Northern analysis and RNA polII engagement, cess and can be attenuated by acetylation of the acetis significantly attenuated after the initial induction. Imylase.
proteins lacking amino-or carboxy-terminal domains can still be efficiently acetylated (lanes 2 and 3 of [b]), These data indicate that M1 is required for ACTR-ER interaction. Thus, acetylation of the lysines in M1 would while a deletion within the receptor interaction domain (RID) results in a substantial decrease (lane 4). In fact, not only disrupt its interaction with receptors but cripple the function of the whole RID. Together, these results as shown in
portantly, the expression kinetics match the profile of histone hyperacetylation, therefore supporting our conRole of Histone Acetylation in Nuclear Receptorclusion that histone acetylation (and deacetylation) Mediated Gene Regulation plays a critical role in hormone induction of gene expresPrevious results from the characterization of nuclear sion. Most surprisingly, the trigger that attenuates the receptor coactivators indicate that the p160 coactivaactivation is in fact the same HAT (p300/CBP) that stimutors and p300/CBP interact with virtually all the receplates the process. Thus, upon hormone binding, nuclear tors in a hormone-dependent manner, suggesting a receptors recruit the p160 coactivators and p300/CBP common pathway of hormone-induced gene activation.
to the target gene. The acetyltransferase activity of Consistent with this notion, we find that in vivo histone p300/CBP will acetylate histones to remodel chromatin acetylation levels of ER, GR, RAR, and VDR target genes and also begin to modify other target proteins such are all significantly increased upon hormone induction.
as the p160 coactivators. This latter acetylation event In addition, hyperacetylation of histones is triggered by results in the disruption of p160 coactivator-receptor antagonists and requires an intact AF2 domain. Thus, interaction, which in turn leads to the dissociation of our results further define chromatin histone acetylation coactivator complex including p300/CBP from receptor as a critical step in nuclear receptor-mediated hormonal and the target gene promoter. Several lines of evidence signaling. Based on our analysis of a number of receptor support this model of autoregulation of hormone inductarget genes by multiple hormones, it is reasonable to tion. First, the acetylation of endogenous ACTR protein speculate that histone hyperacetylation is a common is significantly enhanced by hormone treatment of cells, underlying feature to receptor-mediated activation. Insuggesting that recruitment of the coactivator complex trinsic to any physiological process is a need to attenuate the response. Nonetheless, the mechanism by which also stimulates the acetylation of ACTR. Second, our tures were analyzed by SDS-PAGE and autoradiography. Synthetic ACTR, p300, and CBP in pCMX-PL2 or in pGEX-KG was mutagenpeptides corresponding to aa 621-640 of ACTR were purified to ized using the Quickchange kit (Strategene) and sequenced to con-95% purity. Approximately 3 g of the peptide was used in the firm the mutations. p300 (full-length and aa 1135-2414), RIP140 acetyltransferase reaction as above. Acetylated peptides were puri-(Chen et al., 1997), and TIF2 cDNA (aa 486-1464, amplified from a fied by HPLC, and 50% of the purified peptide was subjected to human cDNA library) was inserted to pAcSG2 with Flag sequences N-terminal microsequencing. Radioactivity was measured for each tagged to the amino termini. Recombinant proteins were expressed cycle by scintillation counting. in Sf9 cells via the baculovirus system (PharMingen) and purified through Flag-M2 affinity column, or expressed in E. coli and purified Coimmunoprecipitation as described previously (Chen et al., 1997). p300 wild-type and HAT Approximately 5 ϫ 10 6 MCF-7 cells cultured either in the presence defective mutant (delta aa 1603-1653) was subcloned to adenovirus or absence of ␤-E2 (1 M) for 24 hr were collected in IP buffer (1ϫ transfer vector pAd-Track-CMV. The resulting construct was used PBS, 0.1% NP-40, 10% glycerol, protease inhibitors). Cells were to make the recombinant adenovirus using protocols described presonicated, and cell debris was removed by centrifugation. Supernaviously (He et al., 1998). ACTR-specific antibody was generated tant (500 l) was mixed overnight at 4ЊC with the following dilutions by injecting rabbits with GST-ACTR ( 
